Results of in vitro study of thymol, a natural chemosensitizer, as a potential agent for overcoming of difenoconazole resistance of Parastagonospora nodorum causing glume and leaf blotch of wheat are first reported. The level of difenoconazole resistance of a natural mutant PNm1 strain with low sensitivity to the Dividend fungicide (a.i. difenoconazole) was determined by cultivation of this isolate on potato dextrose agar in the presence of the fungicide at sub-lethal and lethal (in relation to the initial fungicide-sensitive strain) concentrations. A principal possibility of the thymol use to overcome resistance of P. nodorum to DMI (demethylation inhibitors) fungicides is shown. Co-application of this compound with Dividend SC, 3 % resulted in significant reduction of resistance of the mutant strain and enhancement of its sensitivity to difenoconazole up to the level corresponding to the initial non-resistant isolate.
Introduction
Agriculture is crucial for the economic growth and improvement of the life quality and well-being of people. Agricultural products make no less than one third of a global gross production. One of the main conditions to provide a steadily high yield is a successful control of plant pathogens. Unfortunately, excessive use of fungicides typical for intensive crop production results in contamination of food and environment with pesticide residues, significant reduction of biodiversity caused by suppression of both pathogenic and beneficial mycoflora, and also development of fungicide resistance in target pathogens. As time goes by, resistant strains accumulate in a pathogen population resulting in significant problems in a crop protection. The proper control of such strains requires multiple applications of fungicides at higher concentrations, since concentrations recommended for use in agricultural practice become inefficient, rendering short-lived, and sometimes economically unprofitable, antifungal effect [1] . Therefore, approaches aimed at the reduction of the effective dosages of commercial fungicides in order to reduce their toxic impact on the environment, are of great relevance. Such a reduction can be achieved by co-application of a fungicide with certain natural compounds at concentrations, when both fungicide and such compound, taken alone, provide no or marginal fungitoxic effect. Such strategy was called chemosensitization [2] .
Our studies within the framework of a chemosensitization strategy are focused mainly on the search for natural compounds, which specifically target the stress-response systems of plant pathogens to enhance their sensitivity to agricultural fungicides. Combination of some commercial fungicides with certain phenolic acids or benzo analogues targeting cellular oxidative systems involved into a stress response has been reported to improve antifungal activity of these fungicides against pathogenic yeasts and filamentous fungi causing invasive mycoses in humans [3--5] . Based on these findings and a preliminary screening of compounds with a chemosensitizing potential, we selected several natural and synthetic compounds as putative chemosensitizers and tested them in combination with some azole-or strobilurin-based fungicides commonly used in agriculture, against several harmful plant pathogenic fungi [6] . This study demonstrated a potential for the use of such approach against Stagonospora nodorum (currently Parastagonospora nodorum), a fungus causing wheat glume and leaf blotch and having a significant economic importance in both nationaland global scale [7--10] . We showed that the antifungal activity of a difenoconazole-based Dividend fungicide towards P. nodorum significantly increased in the case of its in vitro co-application with nonfungitoxic concentrations of thymol, a plant secondary metabolite [6] , which commercial preparations are available and widely used in medicine.
Thymol, a monoterpene phenol derivative of cymene (natural aromatic compound), is produced by various Thymus species [11] including culinary thyme (T. vulgaris), as well as some other herbs; it is contained in essential oils of these plants [12] . This compound is considered to destruct integrity of fungal cell membranes via reduction of the ergosterol content. When this natural product (taken at non-fungicidal concentrations) was combined with some antimycotic drugs, a synergistic increase in their pharmaceutical activity against human pathogens was observed [2] . DOI 10.18502/kls.v4i14.5708
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The above considerations and our previous findings [6] became the starting point for this study aimed to investigate the potential of a thymol use as a biogenic chemosensitizing agent to overcome the resistance of P. nodorum to difenoconazole.
Methods and Materials
Thymol ( Institute of Phytopathology (Moscow region). Each isolate was propagated by a solidphase cultivation on a grain substrate [13] to obtain spore suspensions for the further inoculation of potato-dextrose agar (PDA). Mycelium from the surface of colonies grown on PDA was used as an inoculum for the further evaluation of the pathogen sensitivity to the Dividend fungicide. To induce spore formation, the initial isolate and resistant mutant were exposed to UV irradiation [14] .
To study the sensitivity of isolates to the fungicide, they were grown in Petri plates on PDA supplemented with different concentrations of difenoconazole ranging from 0.002 to 5.0 μg/ml. In co-application experiments involving P. nodorum sensitizing with thymol, thymol was added to a final concentration of 10 μg/ml, which was previously found to enhance the pathogen sensitivity to Dividend [6] . Prior to being poured into PDA, thymol or the fungicide were dissolved in a minimal volume of 10 % DMSO, diluted with distilled water and sterilized by filtration through a 0.22-μm Millipore membrane.
Petri plates with PDA media containing difenoconazole or difenoconazole plus thymol were then inoculated by placing small fragments of a fungal mycelium onto the center of each plate and incubated in the dark at 25 ∘ C for different time periods followed by a colony diameter measurement. Control cultures were grown under the same conditions on PDA without addition of difenoconazole and thymol. Growth inhibition level was determined as a percentage of diminished growth of the tested isolates based on average diameter values, as compared to the control. To reveal synergism between thymol and difenoconazole, which suggests the pathogen sensitization to the fungicide, a Limpel's criterion was calculated using the following formula [15] :
where E is an expected summary growth inhibition, X and Y are the growth suppression values (%) obtained when each compound (fungicide and thymol) was used alone.
Chemosensitizing effect was considered if the observed growth-inhibiting effect (E ) of difenoconazole co-applied with thymol exceeded the E value calculated using the above formula
The experiments were arranged in three replications for each concentration of Dividend and/or thymol used. The statistical treatment of data was carried out using a STATISTICA 6.0 software (StatSoft Inc.). The means, standard errors or standard deviations were calculated for each variant, and then significant difference (p ≤ 0.05) between the mean values of the tested and control variants, as well as between different treatments were determined using a t-test for independent variables.
Results
In the course of the study we found that difenoconazole concentrations within the range of 0.002--0.04 μg/ml did not provide any statistically significant inhibiting effect on the growth of P. nodorum. At the same time, increase of its concentration to 0.05 μg/ml resulted in the suppression of the growth of 30 fungal isolates by 60--75 % comparing to the control, while the growth of other 6 isolates did not exceed 10 % of the control (all measurements were carried out 8 days after inoculation). Thus, all tested P. nodorum isolates from Russia were sensitive to difenoconazole. However, in the case of the isolate PN-18 collected in the Moscow region, one of its colonies grown at the sublethal difenoconazole concentration (0.05 μg/ml) formed a sector, which grew more intensively than other parts of this colony. Microscopic investigation of conidia collected from this sector showed their morphological identity with P. nodorum conidia (Fig. 1 ). Mycelium collected from the peripheral part of this sector, was used for inoculation of Petri plates with PDA containing 0.05 μg/ml of difenoconazole. We found that the DOI 10.18502/kls.v4i14.5708 Page 1100
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To confirm that difenoconazole resistance of the PNm1 strain resulted from a mutation, this isolate within three weeks was twice consecutively re-inoculated onto a difenoconazole-free PDA. Then the isolate was cultivated on PDA supplemented with seven different difenoconazole concentration within the range of 0.05--5 μg/ml. In parallel, a control (difenoconazole-sensitive) isolate was grown at the same concentrations of the fungicide. A comparison of the growth intensity of the PNm1 and PN-18 showed that the first one did not lose its difenoconazole resistance, which level did not decrease after a long-term cultivation on the fungicide-free medium. Even after several passages on the fungicide-free medium, PNm1 continued to grow at difenoconazole concentrations lethal for the initial natural isolate (Fig. 5 ) that evidences its resistance was stipulated by some genetic mutations of the initial P. nodorum isolate. The revealed mutant strain was also more resistant to thymol. After a two-week cultivation in the presence of this chemosensitizer, the radial growth inhibition of the initial PN-18 isolate varied from 11 to 20 %, whereas the mutant strain showed about twice lower growth inhibition (Table 1 . Co-application of the fungicide and sensitizer resulted in a statistically significant decrease of the difenoconazole resistance in the mutant strain. In the case when difenoconazole content in PDA was 0.05 μg/ml, the presence of thymol resulted in an increase of the sensitivity of the natural mutant up to the level of the initial (non-resistant) isolate. The tendency to overcome the difenoconazole resistance was also observed in the case of the growth of a mutant strain at a higher difenoconazole concentration (Table I) .
The This result confirms the synergism previously revealed between these compounds [6] and suggested to enhance sensitivity of the resistant mutant to difenoconazole in the case of a fungicide co-application with thymol.
Conclusion
Difenoconazole is known to be one of triazoles belonging to so-called demethylation inhibitors (DMI fungicides), which inhibit 14-α-sterol demethylase, an enzyme involved into the ergosterol biosynthesis in fungal membranes [16, 17] . Resistance to DMI fungicides is considered to be quantitative resulting from several mutations in the genome of plant pathogens. One of the common methods to manage such triazole resistance in agriculture is application of heightened dosages of such fungicides. Though the risk of development of resistance to these fungicides is usually assessed as medium, the appearance of fungal strains resistant to a certain DMI fungicide, as well as the development of a cross-resistance to other triazoles, have been reported for various fungi including plant pathogenic ones [18--20] . The majority of isolates from European populations of the wheat glume blotch pathogen still remain sensitive to normal levels of DMI fungicides [21] ; at the same time, some forms possessing DMI resistance and crossresistance are periodically revealed, especially among isolates collected in the fields undergone to repeated treatment with triazoles [22] . These data show the scientists should be ready to propose environmentally safe approaches and remedies to minimize the development of DMI triazole fungicide resistance in P. nodorum. Results of our first attempt to improve the antifungal effect of difenoconazole by its co-application with thymol, presented in this study, allow us to suppose that at least some biogenic chemosensitizers may become one of available and efficient tools to suppress the development of DMI-resistant P. nodorum strains. We also plan to study the possible similar effects of other previously identified secondary metabolites of plant and microbial origin and their analogues [6] , as well as to search for new effective substances, which would provide sufficient protection against triazole-resistant natural and artificially obtained P. nodorum mutants.
